Abstract: A simplified approach is proposed to reduce computational cost in conventional parametric optimization of open or in-filled trenches isolating rail-induced structural vibrations. In particular, it stands on an FEM-based hybrid optimization scheme consisting of multiple two-dimensional models and one global three-dimensional model. First, representative planar FE (finite element) models orthogonal to the rail-direction are identified. For each section, the sensitivity of the trench's design parameters, such as geometry and backfill materials, to its vibration screening effect is respectively evaluated. Second, a full trench along the rail-direction is determined according to the two-dimensional optimization result. The global performance of the optimal trench is simulated in the three-dimensional model and finally becomes a reference for practical design. By optimizing the design parameters of a case study project, the proposed approach has shown the capability of solving complex engineering problems at a minimum computational cost, therefore is applicable in determining design parameters of rail-induced vibration isolation trenches.
Introduction


Recently, due to scarcity of the developable land, an increasing number of commercial and residential properties have been built adjacent to rail transit lines in metropolises. While it provides transportation convenience, the environmental vibration resulting from train tracks may generate annoyance to nearby dwellers.
Vibration isolation trench with open or in-filled material is a kind of wave barrier set between the vibratory source and receivers. If designed with appropriate parameters, the trench is able to reflect and disperse the energy propagated from the vibratory source, and therefore reduce groundborne vibration transmitted to a nearfield protection subject. As exampled in Fig. 1 , the trench may locate next to the source, the receiver, or somewhere in between. When adjacent to the source it serves as an active screen shielding vibration from the track and a shallow buried depth is often necessary; when close to the receiver, conversely, the target building is passively isolated and the trench may need to be buried deep enough to fully screen transmitted and diffracted waves [1] .
So far, a great deal of theoretical and experimental work has been done to study the passing train-induced vibration reduction effectiveness of the barrier, and many have discussed the influence of varying design parameters. Beskos et al. [2] used frequency-domain two-dimensional BEM (boundary element models) and studied the effectiveness of open and in-filled trenches isolating ground borne vibration. Zoccali et al. [3] compared the vibration reduction capacity of the in-filled anti-vibration trench with varying input parameters such as length and material types. Garinei et al. [4] conducted in-situ and prototype experiments and the efficiency of isolating trenches where various types and shapes were measured.
In the literature, FE (finite element) modeling is a popular tool to solve structural optimization problems. With an FE model it is convenient to evaluate multiple values of a parameter in a desired range and find the optimal value, and the sensitivity of particular parameters against the trench's isolation performance has been widely investigated using two-dimensional models. In the situation that a protection subject cannot be simplified in a single two-dimensional plane, however, one has to reach a full 3D model which features the vibratory source, the medium (most likely soil) and the receivers. Consequently, the optimization may be very difficult to proceed due to a high computational cost.
In order to overcome the efficiency problem, this paper proposes a simplified optimization scheme aiming to facilitate the process by using several plane-strain FE models along with the spatial FE model. The proposed optimization scheme is later illustrated by an in-situ case study problem.
Optimization Parameters
Dimensional Configuration
For all kinds of the trench, parameters required to be optimized are mainly dimensional configuration along with in-filled material characteristics. Previous study has concluded that within geometric factors distance from the source and the buried depth is mostly sensitive to the isolation effect [5, 6] . Generally, the propagated vibration is likely to be screened by a trench close to either the receiver or the source. Bo et al. [6] report that better performance is achieved from a deeper trench but the improvement becomes insignificant beyond a certain depth, and Alzawi [7] concluded that the influence of width change is limited except in the condition of shallow trenches.
In-filled Material
Material properties are dominant parameters directly affecting the isolation performance of a trench. According to the elastic wave theory [8] , how a wave transmits through an interface is determined by the WIR (wave impedance ratio) between the two-side materials of the interface. Theoretically, the trench with extremely large or small WIR against the transmission medium is likely to have the best isolation performance. If the ratio equals to one, inversely, the trench may have no effect at all. Wang [9] investigated the in-filled of gravel, concrete, flyash, geofoam, and rubber and concluded that concrete gives the best performance as the stiff materials while geofoam stands out among the flexible materials. Further compare shows that geofoam outweighs concrete as the most appropriate in-filled material. Commonly used geofoam materials as the vibration isolation trench are EPS (expanded polystyrene) [6, 7] and polyurethane [10] .
Simplified FEM-Based Optimization
Hypotheses
To begin, the following hypotheses are made on the basis of characteristics in rail-induced structural vibration problems:
(1) In the direction perpendicular to the rail track there exist a set of planar models where the out-of-plane mass and stiffness is constant for a limited length, and the wave transmitting in each such plane is independent;
(2) The moving train load is decomposable as the combination of a series of sinusoidal waves. The sinusoidal loads have consistent spectral features with the actual moving loads; (3) Different medium interfaces are assumed to be fully bonded in the FEM.
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Simplified Optimization Scheme
The simplified optimization is mainly executed on a series of the updated planar models with high computational efficiency. First, construct a full spatial model consisting of the vibratory source, the transmission medium, and the receiver(s). The full model is expected to be modified by field test data and essentially reveal the actual propagation of the vibration wave energy. Second, pick out representative planes normal to the track direction and prepare plane-strain models respectively. Third, update the planar models with the response of particular checkpoints in the 3D model under the actual moving loads. The sinusoidal loads are then applied on the refined planar models that are ready for optimization computations. Next, determine candidate parameters with relevant boundaries. Finally carry out the optimization with varying parameters and filter out the optimal parameters of the isolation trench. Fig. 2 is the working flowchart of the proposed optimization scheme.
Because the optimization in 2D models is to seek the trench's appropriate parameters leading to the best screening effect, the calculated insertion loss in vibration energy is relative and can hardly represent a continuous trench's performance in the field. Thus, in order to evaluate the trench's global effectiveness a comprehensive analysis in the spatial FEM may be called for when the optimization process completes for all plane-strain models.
Case-Study Project
The proposed analytical steps are illustrated by an in-situ case study project shown in Fig. 3 , where two high-rise residential buildings (B-10# and B-11#) are subject to vibration from the subway lines to the north. The 27-storey frame shear wall building has 3-floor under-ground, and the elevation of the bottom of the foundation is -10.6 m. The longitudinal stiffness of the structure is distributed in parallel with the direction of the track to the north with a gap distance of about 30 m, where the track is inclined from -4.0 m to the surface. To reduce the vibration transmitting to the building, a trench is planned between the railway and the structures. Available land that can be utilized for constructing a continuous trench has been identified in Fig. 3a , and Fig. 3b shows the profile of the vibratory source, soil, and the receivers. The borehole log of the site is shown in Fig. 4 . The passing speed of the train is 20 km/h.
Numerical Modelling and Updating
A full ANSYS spatial model of the rail tracks, tunnel, soil medium, and the protection building is simulated. Several orthogonal plane-strain models representing constant stiffness of a limited range along the track are identified. Fig. 5 shows one of such sections in two-dimensional FEM with two updating checkpoints.
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The train loads are applied according to Eq. (1).
P 0 and ω are magnitude of loads in Newton and circular frequency in rad/s, respectively. N is the number of frequency resolution lines. For the sake of computational efficiency and minimum accuracy sacrifice, the buildings to the south of B-10# and B-11# are simplified as mass blocks in the plane-strain model. To ensure the simplified model be consistent with its counterpart spatial model, the acceleration responses in spectrum at the check-points are utilized as the criterion in the model updating. Firstly, spatial train loads are decomposed in frequency domain, and the spectral loads then become an initial value for the sinusoidal function in Eq. (1), by which the responses at the checkpoints are calculated and compared. Since the rail-induced vibration energy is relatively small, the entire model can be assumed as a LTI (linear time invariant) system. In the case, a discrepancy is found for k th frequency, P 0 k will iterate for the next value and so on. Fig. 6 shows the comparison results of the case study model after updating at the checkpoints.
Optimization and Results
For the case study, several sensitive design parameters such as the trench's horizontal distance to the source (L), buried depth (D), and in-filled material properties (open or in-filled). As the trench width is found not crucial to the isolation performance, a constant width of 1 m is adopted in all analysis. To make the analysis independent against the frequency of the exciting force, geometry properties are normalized to the Rayleigh wavelength of the field soil. Since the Rayleigh wave speed is 225 m/s, and a prior evaluation shows that the structures will receive the most vibration energy at 33 Hz, the wavelength can be calculated as λ R = V r /f = 225 m/s / 33 Hz = 6.8 m. Dimensionless optimization candidates are listed in Table 1 . Spectral response comparison after model updating. Implementing the proposed optimization scheme, vertical acceleration at the center of the structure's floors is employed to judge optimal values for each parameter whose varying values are stated in Table 1 . The judgement index is given by Eq. (3).
VL Zmax and VL
0
Zmax denote the vertical vibration acceleration (dB) with and without a trench. In the optimization, it takes only about one hour for the 2D model to finish a session of calculation while with the same hardware and software require 51 h to finish the task on the 3D model. In other words, with the same computational cost the simplified scheme is able to include more optimization candidates. Table 2 lists the performance comparison of anti-vibration trench adopting different parameters, where the performance is evaluated by an averaged judgement index of all floors. In theory, void (open) trenches tend to possess most effectiveness than the in-filled, which is generally agreed with the result of the case study. Moreover, the result of candidate 1-12 in Table 2 implies that the deep void trench (10.8 m or 15 m) retains better isolation than the shallow trench (3 m). Additionally, the best performance is sought with 5 m horizontal distance to the source, where the vibration is reduced 14.3%. Considering the site limitation of such a close distance as 5 m, a secondary optimal value of 20 m, where 11.3% vibration is isolated, can be chosen as the optimal open trench location, From a structural point of view, the in-filled trench that has higher transverse stability than the open is 
Conclusions
This paper demonstrates a simplified parametric optimization scheme for the soil embedded trenches designed to reduce the vibration of structures transmitted from nearby railway tracks. The optimization has been implemented on simplified FE models orthogonal to the track. Comparing with the process conventionally undertaken on a spatial model, the proposed approach facilitates the optimization and evaluation of the trench's parameters with little computational cost. The proposed optimization process is illustrated through an in-situ case study.
With a quick convergence, the results show that a trench of 15 m depth, 1 m width, and 5 m distance to the source will have the best isolation performance. Future work will focus on simplification limitations of the approach.
